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Abstract

Purpose: The tumor microenvironment (TME) evolves to support tumor progression. One
marker of more aggressive malignancy is hyaluronan (HA) accumulation. Here, we characterize
biological and physical changes associated with HA-accumulating (HA-high) tumors.

Experimental Design: We used immunohistochemistry, i vivo imaging of tumor pH, and
microdialysis to characterize the TME of HA-high tumors, including tumor vascular structure,
hypoxia, tumor perfusion by doxorubicin, pH, content of collagen. and smooth muscle actin (a-
SMA). A novel method was developed to measure real-time tumor-associated soluble cytokines
and growth factors. We also evaluated biopsies of murine and pancreatic cancer patients to
investigate HA and collagen content, important contributors to drug resistance.
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Results: In immunodeficient and immunocompetent mice, increasing tumor HA content is
accompanied by increasing collagen content, vascular collapse, hypoxia, and increased metastatic
potential, as reflected by increased a-SMA. /n1 vivo treatment of HA-high tumors with PEGylated
recombinant human hyaluronidase (PEGPH20) dramatically reversed these changes and depleted
stores of VEGF-A165, suggesting that PEGPH20 may also diminish the angiogenic potential of
the TME. Finally, we observed in xenografts and in pancreatic cancer patients a coordinated
increase in HA and collagen tumor content.

Conclusions: The accumulation of HA in tumors is associated with high tIP, vascular collapse,
hypoxia, and drug resistance. These findings may partially explain why more aggressive
malignancy is observed in the HA-high phenotype. We have shown that degradation of HA by
PEGPH20 partially reverses this phenotype and leads to depletion of tumor-associated VEGF-
A165. These results encourage further clinical investigation of PEGPH20.

Introduction

Accumulation of hyaluronan (HA) is common in many cancers, and pancreatic cancer is one
of the most common diseases giving rise to the HA-high phenotype (1). Accumulation of
HA in pancreatic cancer predicts a less favorable outcome, as compared with tumors that
have lower amounts of HA (2, 3). The glycosaminoglycan, HA, is an important component
of the extracellular matrix, along with collagens, proteoglycans (e.g., versican, tenascin C),
and other glycosaminoglycans (e.g., heparan sulfates, chondroitin sulfates; ref. 4). These
molecules often have ionic charges that allow growth factors and cytokines to bind to them,
accumulating a reserve to support ongoing tumor growth (5, 6). Collagen, other
proteoglycans, and glycosaminoglycans are hygroscopic, and as they are synthesized within
the tumor, they imbibe water molecules and expand, resulting in a dense mass of cellular and
highly hydrated noncellular components (7). Elevated tumor interstitial pressure (tIP), as
described in Thompson and colleagues (8) and Provenzano and colleagues (9), is associated
with vascular collapse and the hypoxic phenotype (7, 10, 11). Mechanisms of hypoxia-
associated tumor aggressiveness include upregulation of hypoxia-inducible factors,
subsequent expression of proangiogenic proteins, and enhancement of the epithelial-to-
mesenchymal transition (increased cellular migration). Hypoxia leads to generation of
superoxides that can promote further mutagenesis, creation of a more aggressive tumor
microenvironment (TME), tumor progression, and metastasis (11-17).

Therapeutic approaches that attempt to normalize the properties of hypoxic tumor growth
will be valuable resources to add to the anticancer armamentarium. Experimental therapies
have focused on increasing perfusion of hypoxic tumors (18). These efforts include targeting
the cellular and noncellular components that lead to increased fluid and solid tIPs and drug
resistance. Among the varied approaches have been depletion of stromal fibroblasts via
inhibition of the hedgehog pathway (19); treatment with losartan, which inhibits stromal
collagen synthesis (20); treatment with calcipotriol, which partially reverses the
inflammatory stromal reaction, also leading to increased drug delivery to tumors (21); and
treatment with compounds with antifibrotic properties which increase drug delivery, some of
which are associated with reduced tumor HA and collagen (22, 23). HA accumulation
occurs in subsets of many tumor types (1), where it contributes to vascular collapse and poor
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perfusion often in combination with collagen (1, 8-10, 24). Clinical studies have shown a
correlation of more aggressive disease with HA accumulation in tumors (2, 25). High tIP can
be downmodulated through reduction of HA by the systemic administration of PEGylated
recombinant human PH20 hyaluronidase (PEGPH20) or other forms of PH20 hyaluronidase
(8,9, 26-29), or by inhibition of HA synthesis (30, 31).

In this article, we describe the multifactorial but associated effects of hyaluronan
accumulation and its depletion on the TME. This includes the parallel accumulation of
collagen and HA, an observation that has been made in the context of wound repair (32). We
also show that PEGPH20-mediated HA degradation leads to coordinated changes in the
TME that result in less hypoxia, increased pH, and a TME that is depleted of its stores of
VEGF-A165.

Materials and Methods

Cell culture and establishment of HA-accumulating tumor cell lines

BXxPC-3 and AsPC-1, human pancreatic cancer cell lines, A549 and H2170 human non-
small cell lung cancer cell lines, KLN205, a murine lung cancer cell line, and CT26, a
murine colon cancer cell line, were purchased from the ATCC and authenticated by the
ATCC (STR DNA profiling). WT-CLS1, a human Wilms’ tumor cell line, was obtained from
CLS Cell Lines Service and authenticated by CLS Cell Lines Service (STR DNA profiling).
All cell lines were maintained in complete RPMI or DMEM supplemented with 10% FBS.
To generate HA-accumulating cell lines, human hyaluronan synthase 3 (HAS3) cDNA (ID:
IOH43733) was subcloned into a pLV-EF1a lentiviral vector (Biosettia), and A549, AsPC-1,
BxPC-3, CT26, H2170, and WT-CLSL1 parental cells were transduced with the resulting
lentivirus pLV-EF1a-hHAS3-Hyg vector. Transfected cells were selected with hygromycin,
and HA production was confirmed using a Hyaluronan DuoSet ELISA Kit (R&D Systems).
Accumulation of HA was also determined by visualization of HA pericellular matrices via a
particle-exclusion assay (8). All parental and engineered cell lines were routinely tested for
Mycoplasma infection using the MycoAlert Mycoplasma Detection Kit and PCR (IDEXX).
Only low-passage cell lines were used for study.

Establishment of parental and HA-accumulating xenograft and murine tumor models

Male athymic nu/nu, Balb/C, and DBA/2 mice, 5-6 weeks of age, were purchased from
Taconic and handled in accordance with approved Institutional Animal Care and Use
Committee protocols. Following acclimation, mice were inoculated with A549/HAS3,
AsPC-1, AsPC-1/HAS3, BXPC-3, BXPC-3/HAS3, H2170/HAS3, WT-CLS1/HAS3 (5 x 106,
athymic nu/nu), or CT26/HAS3 cells (2 x 10°, Balb/C) adjacent to the right tibia
periosteum. KLN205 cells were inoculated s.c. into the right flank of DBA/2 mice (31, 33).
Tumor growth in peritibial models was determined by acquiring three-dimensional (3D)
tumor images twice weekly using a high-resolution ultrasound imaging system (Vevo 2100;
FUJIFILM VisualSonics), and subsequently the associated 3D tumor volume software was
used to determine tumor volume. Subcutaneous tumors were measured using an electronic
caliper (Vernier Software & Technology) and tumor volume in mm3 calculated using the
formula: Tumor volume = 1/2[length x (width)?].
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PEGylated recombinant human PH20 hyaluronidase (PEGPH20)

PEGPH20, provided by the Halozyme Therapeutics, Inc. formulation group, was generated
by conjugating the N-hydroxysuccinimidyl ester of methoxypoly(ethylene glycol)-butanoic
acid (MBA30K or PEG) to recombinant human hyaluronidase (rHuPH20) as previously
described (8). The PEGylated rHUPH20 enzyme, PEGPH?20, retained =25% of the initial
specific activity of rHUPH20 (PEGPH20 at ~30,000 units/mg) and <0.05 endotoxin unit/mg
protein and <1 ng DNA/mg protein. The PEGPH20 used in this study is the same as used in
clinical trials.

Treatment schedule

When tumors reached ~1,500 mm3, mice were staged into two groups: vehicle control and
low-dose PEGPH20 (0.0375 mg/kg, i.v.); or three groups: vehicle control, low-dose
PEGPH20, and high-dose PEGPH20 (1 mg/kg, i.v.), if a high-dose group was included.
Unless indicated otherwise, test articles were administered on study day 1 and day 4
(g3dx2), and mice were euthanized 6 hours after the second dose. In pilot studies, this
dosing paradigm was shown to reduce tumor HA by >80% in the high-dose (1 mg/kg)
PEGPH20 groups (34).

Immunohistochemistry

Formalin-fixed, paraffin-embedded tumor sections were processed by standard methods for
hematoxylin and eosin staining, immunohistochemistry (IHC), and immunofluorescence.
HA staining was detected using a modified TNF-stimulated gene 6 protein (TSG-6, 0.25
pg/mL; Halozyme; ref. 35), followed by either fluorescein-HRP (Vector Labs) and Texas
Red (Dako) staining or staining with the Intense R detection kit (Leica Biosystems).
Collagen | (Coll) and a-SMA were detected using anti-Coll and anti-a-SMA antibodies,
respectively (Abcam), followed by fluorescein-horseradish peroxidase (HRP) and
fluorescein isothiocyanate (FITC; Dako) or DAB (Agilent). HA, Coll, and a-SMA were
then imaged and quantified as described below.

Quantitative assessment of tumor perfusion and hypoxia

In all of our studies, following euthanasia, tumors were excised, fixed, embedded, and cut
into cryosections for fluorescent imaging. To detect blood vessel perfusion, 75 pL of 0.6
mg/mL Dil dye (Invitrogen), dissolved in 75% dimethyl sulfoxide and then formulated in
distilled deionized water, was administered i.v. 5 minutes prior to sacrifice. For the
quantitative assessment of tumor hypoxia, 60 mg/kg pimonidazole was administered i.p. to
mice 2 hours prior to sacrifice (36, 37). Excised tumors were subsequently prepared as
cryosections, probed with Hypoxyprobe-1 (an FITC-conjugated monoclonal antibody that
detects protein adducts of pimonidazole hydrochloride), according to manufacturer’s
recommendations (Hypoxyprobe-1 kit; Chemicon International). Tumor sections were then
imaged for fluorescent intensity and analyzed, as described below.

Image acquisition and analysis

Tumor sections were imaged using a fluorescence microscope (BD CARV Il Confocal
Imager; BD Biosciences), a Quentem 512sc Photometrics camera (Photometrics), and a
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MIV2000 motorized x-y stage (MetaMorph Imaging System; Molecular Devices), at the
following excitation/emission (Ex/Em) wavelengths: HA, Dil, and CD31: 562 nm/624 nm;
Hypoxyprobe-1, Coll, and a-SMA: 490 nm/520 nm.

Captured Hypoxyprobe-1 and Coll images were then analyzed with Image-Pro Analyzer 7.0
software (Media Cybernetics). For a-SMA quantification, bright field slides were scanned
using the Aperio AT2 scanner (Leica Biosystems), and images were analyzed with HALO
image analysis software (Indica Lab). Necrotic regions were excluded from analysis. The
percent fluorescent positive area was calculated as the fluorescent signal area divided by the
entire tumor area (% positive area = positive signal area/total area). HA levels were
quantified using the Spectrum Positive Pixel Count V9 Aperio scoring algorithm (Leica
Biosystems).

Tumor doxorubicin distribution

Murine KLN205 and human xenograft H2170/HAS3 tumor—bearing mice were staged into
three groups to be treated with vehicle, PEGPH20 at 0.0375 or 1 mg/kg, 3 hours prior to
sacrifice (38). Tumors were harvested and embedded in optimum cutting temperature
compound, frozen on dry ice, and stored at —80°C. Single cryostat sections (7 um thick)
were cut from each tumor, mounted on glass slides, and allowed to air-dry. Doxorubicin
autofluorescence was detected using a microscanner (see above) at EX/Em 490 nm/520 nm.
Subsequent to imaging of doxorubicin, tissue sections were fixed and stained with rat anti-
CD31 (1:100; Pharmingen) for 1 hour and then revealed by secondary Alexafluor 594 anti-
rat 1IgG (Jackson ImmunoResearch) for 30 minutes. Sections were then washed and
incubated with FITC-Hypoxyprobe-1 for 1 hour. Finally, sections were washed in PBS and
air-dried for fluorescent imaging. Tissue sections were reimaged in an identical way to that
used to capture doxorubicin fluorescence. Composite images of doxorubicin, CD31, and
Hypoxyprobe-1 were generated using MetaMorph Imaging System (version 8.0; Molecular
Devices). Regions of interest were selected from each tissue section. Doxorubicin intensity
was averaged over all pixels at given distance to the nearest vessel and plotted as a function
of distance to the nearest vessel.

Quantitative assessment of tumor vascular volume

Relative tumor vascular volume (blood volume) was determined using a Vevo 2100 micro-
imaging system in nonlinear contrast mode, coupled with hyperechoic MicroMarker
Contrast Agent microbubbles (MBs; FUJIFILM VisualSonics). The tumor vascular volume
in mice bearing AsPC-1 or AsPC-1/HAS3 tumors was determined 1 hour after second dose
of vehicle or PEGPH20 (0.0375 or 1 mg/kg, i.v.). Briefly, animals were anesthetized, a 3D
image of the entire tumor was obtained (i.e., total tumor volume), and a bolus of MBs (50
L at 2 x 109 MBs/mL) was injected (i.v.). MBs were given for 2 minutes for systemic
distribution, and then a second 3D image was acquired. Images were analyzed using
VevoCQ software (FUJIFILM VisualSonics), and vascular volume was presented either as
absolute volume (mm3) or as relative to normalized tumor volume of the vehicle control
(defined as 1).
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Tumor extracellular pH

AsPC-1/HAS3 tumor-bearing mice were staged to receive APl buffer or PEGPH20 at
0.0375 mg/kg i.v. when tumors reached ~700 mm3. AcidoCEST MRI extracellular pH (pHe)
measurements were taken before and 24 and 72 hours after PEGPH20 treatment as
previously described (39). In brief, tumor-bearing mice were anesthetized, a tail vein
catheter inserted, and a bolus of 200 uL iopamidol was administered, followed by a
continuous iopamidol infusion (150 pL/h). The acidoCEST MRI protocol was repeated for 5
scans at 4.8 minutes per scan, or a total scan time of ~25 minutes. The pHe was calculated
based on a calibration performed using an identical acidoCEST MRI protocol, log ratio of
the CEST amplitudes of iopromide. Contrast agent uptake was calculated as the number of
pixels with pHe within the range of pH 6.2 to 7.0 and pixels with pH >7.0, relative to the
total number of pixels that represent the tumor. Data were normalized relative to baseline
vehicle control (defined as normalized pHe = 1), and changes in pHe expressed as percent
normalized pHe = SEM.

Correlation between Coll and HA in human pancreatic tumor sections

Coll and HA staining was assessed in 44 patient samples (IHC for HA and Coll at the same
time point), and staining intensity scored from 0 to 3 (0, negative; 1, weak; 2, moderate; 3,
strong; see ref. 2). The reported score for each patient was an average from two or more core
samples (per patient). Independent assessments were made of percentage of stained area and
staining intensity following review of multiple random images taken from digitally scanned
slides. JMP (version 13.2.0; SAS Institute, Inc. 2017. JMP 13, Cary NC) was used to assess
the correlation between Coll and HA, and a Pearson correlation coefficient was determined.

Tumor microdialysis sampling and analysis of HA and VEGF-A165-A in collected tumor

dialysate

Mice bearing peritibial murine CT26/HAS3 tumors received control vehicle or PEGPH20 at
0.0375 or 1 mg/kg, i.v. 24 hours prior to microdialysis. Mice were anesthetized using
isoflurane, and a heating pad was used to maintain body temperature. A small incision was
made on the tumor. A microdialysis probe with 100,000 Da molecular weight cut-off (CMA)
was inserted into the tumor, using a guided cannula. The length of the microdialysis probe
used in this study was 10 mm. Once the probe was in position, the cannula was withdrawn
leaving the probe completely embedded in the tumor tissue.

Dulbecco’s PBS with protease inhibitors was perfused through the probe at a flow rate of 1
uL/min for 30 minutes to collect samples. For VEGF-A165-A, tumor dialysates were
analyzed using Milliplex Map kit (Mouse Cytokine/Chemokine Magnetic Bead Panel; EMD
Millipore). In brief, 25-uL samples were added to pretreated 96-well plates and incubated
overnight at 4°C. After the plates were washed, 25 pL of detection antibody was added and
incubated for 1 hour at room temperature. Then, 25-pL streptavidin—phycoerythrin was
added and incubated for 30 minutes at room temperature. Plates were washed, and 150 pL of
sheath fluid was added; 5 minutes later, plates were read by Luminex 200 (EMD Millipore).
To dialyze HA fragments, a microdialysis probe with a 55,000 Da molecular weight cut-off
(CMA) was placed into AsPC-1/HAS3 or H2170/HAS3 tumors using a guided cannula.
Tumor dialysate samples were collected prior to, and at 1, 2, 3, 6, and 24 hours following
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PEGPH20 administration (0.0375 mg/kg, i.v.). Microdialysis perfusates were analyzed using
an enzyme-linked HA-binding protein sandwich assay (Cat# DY 3614; R&D Systems)
according to manufacturer’s instructions as previously described (27).

Statistical analysis

Results

One-way ANOVA or Student #test was applied to all of our studies to compare the mean
value among groups or between parental and HAS3 groups, or between vehicle control and
PEGPH20-treated groups. The level of significance was defined as £ < 0.05. Percentage
change was calculated by the following formula: (Mean of control group — Mean of treated
group)/Mean of control group x 100%.

Accumulation of HA in tumors is correlated with hypoxia

We and others have shown in multiple tumor models, including traditional cell-derived
xenografts, patient-derived xenografts, and genetically engineered mouse models, that tumor
accumulation of HA is associated with increased tIP and the collapse of tumor vasculature
(1, 8, 9). Based upon these findings, we speculated that accumulation of HA in tumors
would correlate with increasing hypoxia, which would be modulated toward normoxia
following /n vivo enzymatic reduction of tumor HA with PEGPH20. We evaluated tumor
HA content, relative tumor perfusion, hypoxia, change in apparent extracellular pH, and
doxorubicin penetration, which reflects blood vessel patency and overall tumor perfusion, in
both immune competent and immunodeficient mouse models (Fig. 1).

In order to modulate the amount of HA in each tumor, we used two methods. The first
method was to prepare lentivirus-mediated HA synthase-overexpressing tumor cells, which
could be compared with the parental cell line for properties /n vivo (40). The second method
was to treat tumor-bearing mice with vehicle, a low dose of PEGPH20 (0.0375 mg/kg),
equivalent to a human dose (3 pg/kg, determined by allometric scaling) being evaluated in
clinical trials (e.g., ), or a high dose of PEGPH20 (1 mg/kg), a dose which is known to
deplete most tumor HA in mouse models (27). These treatments resulted in tumors with
varying amounts of HA (Fig. 1A, insets). Tumors from mice that had been treated with each
of the PEGPH20 dose levels (vehicle, 0.0375 and 1 mg/kg) were then harvested, fixed, and
later sectioned for histologic analysis.

The HA-accumulating murine KLN205 lung cancer control tumors (Fig. 1A, left plot) show
highly compressed blood vessels (staining with anti-CD31 antibody; red color). After
treatment with i.v. doxorubicin, extravasation was limited in the HA-accumulating
microenvironment (Fig. 1A, left plot; blue color). As expected, IHC assays showed that
vascular collapse and diminished doxorubicin staining cooccurred with hypoxia in untreated
mice (detected by Hypoxyprobe-1; Fig. 1A; green color). The partial removal of HA with
low-dose PEGPH20 (0.0375 mg/kg; Fig. 1A, center plot) resulted in a visible expansion of
blood vessels, decreased hypoxia, and a clear increase in doxorubicin penetration relative to
vehicle-treated mice (Fig. 1A, left vs. center plot). Treatment with high-dose PEGPH20 (1
mg/kg), which resulted in essentially complete HA removal, was associated with a further
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decrease in tumor hypoxia, and a further increase of doxorubicin extravasation (Fig. 1A,
right plot). Direct measure of the area of doxorubicin “halos” around blood vessels (Fig. 1B)
showed that doxorubicin penetration into the tumor was increased by 44.6% at the 0.0375
mg/kg dose, and an additional 17% increase (total ~68% increase) at the 1-mg/kg dose
(MuKLN205, Fig. 1B, left plot). In experiments using the human lung squamous cell
carcinoma (SCC) model (H2170/HAS3), derived from the human SCC H2170 cell line
engineered to overexpress HAS3, and shown to accumulate HA /n vivo (Fig. 1 and
unpublished data), similar results were obtained; namely, that HA removal correlated with
increased doxorubicin penetration and dispersion (Fig. 1B, right plot). Additional studies in
human AsPC-1/HAS3 or H2170/HAS3 tumor-bearing mice, using microdialysis to evaluate
the time course of the disappearance of HA within the tumor extracellular milieu following
low-dose PEGPH20 treatment (0.0375 mg/kg), have resulted in an eightfold or 15- to 20-
fold increase in free intratumoral HA (depending upon the model used) at 2 to 4 hours after
dosing (Fig. 1C), which is consistent with the rapid changes observed in tumor-associated
HA and increased perfusion of doxorubicin. The subsequent fall in extracellular tumor HA
at later time points may be attributed to movement of HA fragments into the lymph and
circulation for hepatic and/or renal clearance (41, 42). A third model of the differential
impact of reducing HA in tumors was performed using the pancreatic cancer cell line
AsPC-1-P (parental) xenografts compared with AsPC-1/HAS3 (HA-accumulating)
xenografts before and after treatment with PEGPH20 (Fig. 2A). Significant differences in
tumor perfusion were observed only in the HA-high ASPC-1/HAS3 model (Fig. 2A, left
plot). The AsPC-1/HAS3 tumors also demonstrated increased total (3D) vascular volume
(Fig. 2A, middle plot) and decreased hypoxic area (Fig. 2A, right plot) following /in vivo
exposure to PEGPH20. The robust changes observed in all three physical parameters
(increased perfusion, increased vascular volume, and decreased hypoxia) in the HA-
accumulating AsPC-1/HAS3 tumors were not surprising, in that HA levels were reduced by
>64% following low-dose PEGPH20 administration (Supplementary Fig. S1).

A summary of experiments comparing six different tumor xenografts with known HA
content is shown in Fig. 2C (and Supplementary Fig. S2). In each case, the HA-
accumulating tumors demonstrate dramatic changes in tumor vascular volume and hypoxia
following high-dose PEGPH20. When tumor-associated hypoxia-inducible factor 1-alpha
(HIF-1a) was evaluated in the H2170/HAS3 xenografts, the high dose of PEGPH20 (1
mg/kg) was associated with a 78% reduction in HIF-1a tumor expression (Supplementary
Fig. S3). In a separate study in AsPC-1/HAS3 tumor-bearing mice, we investigated how
increased perfusion/vascular volume and decreased hypoxia would affect tumor pHe. As
expected, these physiologic changes were accompanied by a small but significant increase in
apparent intratumoral pHe (Fig. 2B).

Tumor content of collagen and a-SMA increase coordinately with increased HA content in

tumors

Collagen and HA are important components of most solid tumors, and their accumulation is
often associated with a worsened prognosis (2). Because they have overlapping functions in

the TME, e.g., increased tIP and tumor “stiffness” (8, 9, 43), we aimed to determine whether
ectopic expression of HAS3, with associated increased accumulation of HA /n vivo (40),
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would affect the tumor in such a way that other indicators of tumor aggressiveness, in
addition to the HA-high phenotype, would become evident. For this purpose, we examined
the accumulation of collagen and a.-SMA, which has similarly been found to predict a more
rapid course of disease in pancreatic cancer patients (44). Overexpression of HAS3 led to a
parallel accumulation of HA, collagen, and increased a-SMA expression in both the
AsPC-1/HAS3 and BxPC-3/HAS3 pancreatic tumor xenografts in nude mice (Fig. 3A-C).
These results are consistent with the hypothesis that collagen and HA cooperate in building
the stromal compartment of the tumor.

We then investigated the correlation between accumulation of Coll and HA in samples from
a study in human pancreatic cancer patients. The patient population and the independent
correlation of either Coll or HA accumulation with more aggressive pancreatic cancer have
been described (2). Data from this study were recompiled, and the Pearson correlation
coefficient was determined to be 0.902 (/2 = 0.813), suggesting a correlation between Coll
and HA accumulation in tumors, further supporting the hypothesis that collagen and HA
cooperate in the building of the tumor stroma (Fig. 3D). Although this observation is based
on a limited number of patients (see Methods; ref. 2), it is consistent with our results in both
syngeneic and xenograft mouse tumor models. This observation suggests that tumor cells
which ectopically express HA synthase and consequently accumulate more collagen should
grow more aggressively than tumors low in HA. This concept is supported by experiments in
the faster-growing AsPC-1/HAS3 tumors that demonstrated a 3.5-fold accumulation of
stromal HA as compared with the parental AsPC-1 tumors (AsPC-1-P; Supplementary Fig.
S4; ref. 39). These results are supported by similar data that have been previously reported
(40, 45). Thus, the HA-associated coaccumulation of collagen and increased a-SMA may
reflect the creation of a more robust stroma for tumor growth (9).

of the TME mediated by enzymatic removal of tumor HA

The amount of HA accumulation in tumor xenografts predicts tumor responsiveness to
treatment with PEGPH20 in animal models (8, 27) and in pancreatic cancer patients (46). In
the present study, as well as in previous work (3, 8, 9), the HA-accumulating TME also
contains numerous proteoglycans, many of which are decorated with glycosaminoglycans
like heparan sulfate, which bind many growth factors and cytokines (47), and chondroitin
sulfate, which binds VEGF-A165 (48). PH20 hyaluronidase (precursor to PEGPH20) is
known to use HA and the chemically closely related chondroitin sulfates as substrates, but
not other glycosaminoglycans (49). Because of our findings that HA-accumulating tumors
are hypoxic and contain chondroitin sulfate in addition to HA, and the pegylated version also
degrades chondroitin sulfate (data not shown), we suspected that PEGPH20 treatment would
also degrade the chondroitin sulfate component of the matrix, leading to tumor depletion of
VEGF-A165.

Accordingly, to determine if VEGF-A165 was depleted from the HA-accumulating TME
following enzymatic degradation of HA via PEGPH20, we treated immune competent
Balb/c mice bearing CT26/HAS3 tumors with PEGPH20, and evaluated the soluble VEGF-
A165 levels at 24 hours after PEGPH?20 treatment (Fig. 4). Treatment with PEGPH20
depleted measurable VEGF-A165 to an undetectable level, both at the human equivalent
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dose of 0.0375 mg/kg and at 1 mg/kg. The measurable levels of another 28 assayed
cytokines and growth factors were not significantly affected (data not shown; see methods
for reference to analytes measured in the assay).

Discussion

The data described in this study suggest that HA accumulation plays a central role in
remodeling the TME for tumor progression. As solid tumors progress, they accumulate
collagen, proteoglycans, and glycosaminoglycans in the TME, and these glycomic and
proteomic components function in a coordinated manner to create collapsed vasculature and
hypoxia, predisposing cancers to metastasis (50). Growth factors, cytokines, and chemokines
produced by malignant or nonmalignant cells within the tumor can bind to stromal
components, thus creating a constantly improving environment for tumor progression (51—
54).

Many tumors are characterized by stromal accumulation of HA, which causes increased tIP,
vascular collapse, hypoxia, and inherent resistance to drug therapy. tIP, as it is used here, is a
combination of solid stress and interstitial fluid pressure (55, 56). Through its
coaccumulation with collagen, HA likely acts as a driver of tumorigenesis (57). The
accumulation of HA is also associated with increased tumor-associated a-SMA, and a
higher risk of metastasis, which is consistent with the observation that HA-high tumors have
a worsened prognosis (53, 54, 58).

Accumulation of HA is associated with loss of plasma membrane E-cadherin and
accumulation of cytoplasmic B-catenin, suggesting disruption of adherens junctions, shown
in xenografts and in samples from patients treated with PEGPH20 (40). In further support of
these concepts, we and others have shown that ectopic expression of HAS3 in xenografts
increases their aggressiveness /n vivo (Supplementary Fig. S4; refs. 40, 45). Significantly,
results from a phase | trial showed that PEGPH20 led to release of soluble HA into the
blood, increased tumor perfusion as measured by dynamic contrast enhanced MRI, and
decreased uptake of 18F-FDG in some patients (59). In addition, our results also show that
PEGPH20-mediated reduction of tumor HA results in a decrease in the proangiogenic
growth factor VEGF-A165. This underlies an important potential value of PEGPH20 as an
anti-angiogenic therapy in HA-accumulating tumors. The release of VEGF-A165 is likely
the result of PEGPH20-mediated chondroitinase activity and the tumor depletion of
chondroitin, which is known to sequester VEGF-A165-A (46, 47). Exposure of HA-
accumulating tumor xenografts to PEGPH20 also decreased the level of tumor-associated
HIF-1a (Supplementary Fig. S3), which likely results in lower expression of VEGF-A165
(60). Coupled with chondroitinase-mediated VEGF-A165 depletion, and increased
perfusion, it is likely that PEGPH20 has created a much less angiogenic TME. Our results
are also consistent with an earlier observation that tumors resistant to antiangiogenic therapy
become more sensitive after HA degradation with a pegylated PH20 (43).

Change in cytokines/chemokines following enzymatic HA reduction is the subject of
ongoing work. Collagen has long been associated with hypoxia (10, 61) and highly
desmoplasmic tumors, such as pancreatic cancer. It is thought to be a critical component of
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the TME. It binds to multiple receptors with diverse biological consequences, including
integrins, which contribute to stabilization of the extracellular matrix and cell adhesion (62).
The coaccumulation of collagen and HA in nude mouse xenografts, syngeneic tumors, and
patient samples indicates that the two have a basic and complementary function in
tumorigenesis. The results reported here are also consistent with our earlier report that
PEGPH20-mediated HA reduction in tumors is associated with a decrease in collagen
synthesis in vivo (27), which further links the two molecules as codependent components of
the TME. We have also shown in earlier work (27) that the reduction of HA in HA-
accumulating tumors leads to reduced expression of Coll-al, Col5 alpha, and tenascin C,
suggesting that the enzymatic reduction of HA in HA-accumulating tumors results in
extensive TME remodeling. In addition, earlier experiments have shown that HA-
accumulating tumors lose plasma membrane E-cadherin and display accumulation of
cytoplasmic B-catenin, suggesting disruption of adherens junctions (40). The decreased
expression of tenascin C reported earlier (27) is also of interest because tenascin C has been
implicated in stromal inflammation in tumor progression, and its depletion would be
expected to result in decreased stromal inflammation (63, 64). Furthermore, phase Il clinical
data have shown that patients treated with gemcitabine/abraxane have an improved
progression-free survival if PEGPHZ20 is added to the regimen (65). Other investigators,
using independent means of depleting HA from HA-accumulating tumors, have reached
similar conclusions to those described here (66, 67).

These new results provide further proof that enzymatic degradation of HA has a significant
remodeling effect on HA-accumulating tumors by affecting many properties of the TME,
and is likely to create an environment less compatible for tumor progression. In this article,
we have shown that PEGPH20-mediated HA degradation in HA-accumulating tumors
results in multiple connected therapeutic events, including vascular expansion, reduced
hypoxia, increased extracellular pH, and depletion of tumor-associated VEGF-A165. Further
work will focus on how these changes may be associated with mechanical-structural
changes in the TME, especially as they may lead to novel therapeutic approaches to HA-
high malignancies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Relevance

The tumor microenvironment consists of cellular and non-cellular components, such as
hyaluronan (HA), other glycosaminoglycans, and proteoglycans. HA and collagen
accumulation is associated with high tumor interstitial pressure, vascular collapse, and
hypoxia in tumor cells. Here, we show that HA degradation using PEGylated PH20
hyaluronidase (PEGPH20) in HA-accumulating (HA-high) tumors is accompanied by a
reversal of many properties associated with the HA-high phenotype in mouse xenograft
models. We also show that the increased accumulation of collagen associated with HA-
high tumors in mouse models is observed in patients with HA-high tumors, suggesting a
coordinated modulation of HA and collagen content within these tumors. In addition, we
demonstrate for the first time that PEGPH20-mediated HA degradation results in a
decrease in VEGF-A165, likely mediated by the enzyme’s chondroitinase activity. These
results support the previously reported, multifaceted, antitumor activity of PEGPH20, and
provide support for ongoing clinical trials of this agent.
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Figurel.

Enzymatic degradation of tumor HA decreases tumor hypoxia, increases tumor doxorubicin
penetration/dispersion, and increases free (nonbound, perfusable) HA within the tumor
extracellular milieu. A, Representative images of murine SCC (KLN205) tumors treated i.v.
with vehicle or PEGPH20, at 0.0375 mg/kg or 1 mg/kg, highlighting hypoxic regions
(visualized with Hypoxyprobe-1, green), blood vessels (anti-CD31, red), and doxorubicin
drug penetration (blue); with representative HA-stained (brown) whole tumor sections
shown in accompanying insets. Arrows highlight closed (yellow) and open (white) tumor
vessels. V, vessels and D, Doxorubicin. B, The area of doxorubicin penetration/dispersion
increased in the murine KLN205 with low- (left plot) and high-dose (right plot) PEGPH20.
C, Soluble HA fragments appear in the tumor dialysate (tumor interstitial fluid) immediately
following PEGPH20 administration (0.0375 mg/kg, i.v.).
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Enzymatic degradation of tumor HA increases tumor perfusion, vascular volume, and

extracellular pH, while decreasing tumor hypoxia. A, Tumor HA degradation with low-dose

PEGPH20 increased tumor perfusion (left plot), and vascular volume (middle plot), and

reduced hypoxia (right plot) in HA-accumulating AsPC-1/HAS3. B, TME pHe increased

after treatment with PEGPH20. C, A tabular list of six tumor xenografts and the relative
decrease in hypoxia associated with low-dose PEGPH?20 treatment.
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Figure 3.

HA accumulation is associated with increased collagen accumulation and a-SMA
expression. A, Representative histology images of parental AsPC-1 (AsPC-1-P), AsPC-1/
HAS3, parental BXxPC-3 (BxPC-3-P), and BxPC-3/HAS3 xenograft tumors stained for HA
(red), collagen I (green), and a-SMA (green). B, HAS3 transduction increased HA
accumulation. C, HAS3 transduction increased the levels of tumor-associated Coll and a.-
SMA. D, In agreement with preclinical observations, there was a correlation (Pearson
correlation coefficient = 0.902, /2 = 0.813, confidence band a = 0.05) between Coll and HA
in patient pancreatic tumor tissue sections.
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Figure 4.
Murine colorectal CT26/HAS3 extracellular VEGF-A165 at 24 hours after low-dose (0.0375

mg/kg) and high-dose (1 mg/kg) PEGPH20.
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